central mode water formation region in phase opposition with those in the eastern subtropics and the central Alaskan Gyre. This first EOF mode is highly correlated with the Pacific decadal oscillation index on both the interannual and decadal time scales. The second leading EOF mode represents the MLD variability in the subtropical mode water (STMW) formation region and has a good correlation with the wintertime West Pacific (WP) index with time lag of 3 years, suggesting the importance of the oceanic dynamical response to the change in the surface wind field associated with the meridional shifts of the Aleutian Low. The above MLD variabilities are in basic agreement with Abstract The interannual-decadal variability of the wintertime mixed layer depths (MLDs) over the North Pacific is investigated from an empirical orthogonal function (EOF) analysis of an ensemble of global ocean reanalyses. The first leading EOF mode represents the interannual MLD anomalies centered in the eastern part of the This paper is a contribution to the special issue on Ocean estimation from an ensemble of global ocean reanalyses consisting of papers from the Ocean Reanalyses Intercomparsion Project (ORAIP), coordinated by CLIVAR-GSOP and GODAE OceanView. The special issue also contains specific studies using single reanalysis systems.
Introduction
Most of the properties of the water masses in the global ocean are determined by the air-sea interaction and turbulent mixing within the surface mixed layer (ML) and by subduction down to the ventilated thermocline layer (Pedlosky 1996) . The ML processes, hence, characterize the heat and freshwater cycle in the upper ocean and are also an important component of the bio-geochemical cycle (e.g., Takahashi et al. 1997) . Since the amount of subduction from the ML is largely dependent upon the spatial distribution of the mixed layer depth (MLD) (e.g., via lateral induction; Huang and Qiu 1994) , the water-mass variability is strongly affected by the spatio-temporal MLD variability. Accurate description of the latter is therefore required for better understanding and characterizing the climate variability.
Previous studies have described the observed features of global MLD distribution based on the climatological temperature and salinity (TS) data (e.g., Levitus 1982; Monterey and Levitus 1997; Kara et al. 2003) . de Boyer Montégut et al. (2004) estimated the monthly variation in the global MLD distribution by processing individual profiles of the TS observations. These studies have clarified global features in the seasonal cycle of MLD climatology. Recently, observations by the Argo hydrographic array have facilitated the description of the interannualy-varying global MLD distribution (e.g., Hosoda et al. 2010) . However, the spatial resolution and temporal coverage of the Argo data are still limited, particularly since decent coverage is practically limited to the last century, which restricts applications to time scales of less than a decade.
The interannual-decadal variability of the MLDs in the water-mass formation regions has been investigated in association with the analysis of water masses, such as mode waters (e.g., Hanawa and Talley 2001; Speer and Forget 2013) , by both observational and modeling studies (e.g., Peng et al. 2006; Joyce et al. 2009 ). In the North Pacific, the most prominent interannual-decadal variability is known to be the Pacific decadal oscillation (PDO; Kawasaki 1991) , which is often characterized by the "PDO index" as defined by the leading principal component of the North Pacific sea surface temperature (SST) variability poleward of 20°N (Mantua et al. 1997) . A stronger (weaker) Aleutian Low along with stronger (weaker) westerlies and lower (higher) SSTs in the western-central North Pacific is represented by a positive (negative) PDO index. Several studies have explored the MLD variation in the formation region of the central mode water (CMW; ∼26.2σ θ , 9-12 °C; Suga et al. 1997 ) in response to the PDO, particularly the decadal (or interdecadal) regime shifts associated with the PDO (such as in 1976-1977 ) (e.g., Deser et al. 1996; Yasuda and Hanawa 1997; Schneider et al. 1999; Yasuda et al. 2000; Ladd and Thompson 2002; Qu and Chen 2009) .
In addition to the aforementioned MLD variability in the CMW formation region, recent studies (e.g., Qiu and Chen 2005; Qiu et al. 2007; Oka et al. 2011 ) have investigated another important MLD variability in the Kuroshio recirculation gyre region, where the subtropical mode water (STMW; ∼25.2σ θ , 15-19 °C; Masuzawa 1969 ) is formed. They showed that the sea surface height and main thermocline depth anomalies generated by the wind stress curl anomalies in the central subtropics propagate westward and then influence the Kuroshio recirculation gyre region, leading to the changes in the wintertime MLD and STMW thickness with time lag of a few years (e.g., Qiu and Chen 2005) . In these studies, the wind stress curl variability in the central subtropics is mainly attributed to the Aleutian Low activity and hence can be related to the PDO index (e.g., Oka and Qiu 2012) or to similar indices related with variations in the intensity of the Aleutian Low (e.g., North Pacific index (NPI; Trenberth and Hurrell 1994) ). On the other hand, Sugimoto and Hanawa (2010) proposed that the meridional shifts of the Aleutian Low are more important in explaining the variability in the Kuroshio recirculation gyre region than the change in intensity of the Aleutian Low represented by the PDO index. Meridional shifts of the Aleutian Low are related to the West Pacific (WP) teleconnection pattern (Wallace and Gutzler 1981) and do not correlate significantly with the intensity variation (Sugimoto and Hanawa 2009 ). Therefore, conflicting causes have been suggested for the MLD variability in the Kuroshio recirculation gyre region based on relatively short-term observation analyses: one group pointed out the dominant role of the change in intensity of the Aleutian Low, and another group suggested the influence of the meridional movement of the Aleutian Low. These should be investigated based on reliable long-term products.
Subject to the El Niño-Southern Oscillation, the PDO pattern exhibits the interannual modulation (e.g., Newman et al. 2003) . The accurate description of the interannualdecadal MLD variability on the basin scale is thus required for further understanding and characterizing the water-mass variability in relation to the climate variability in the North Pacific (e.g., PDO). Although the interannual variability of the MLDs on the basin scale has recently been investigated using the Argo float data (e.g., Oka et al. 2007) , this is arguably a very short period. Therefore, it is of value to identify the long-term basin-scale MLD variability by fully utilizing observational datasets available and our knowledge of the ocean dynamics (e.g., ocean models).
Ocean syntheses use the output of dynamical models combined with observations using statistical technique and hence can provide MLDs at every defined grid point and time step, although they are inevitably influenced by errors in the dynamical models, observations and assimilation methods. Due to the recent increase in a variety of observations and in response to advances in modeling and assimilation techniques, ocean syntheses have been improved to the level for practical use (e.g., Lee et al. 2009 ). For example, Toyoda et al. (2011) analyzed the relative contributions of the 3 dominant physical processes to the interannual variability of the North Pacific eastern subtropical mode water (ESTMW; 24.0-25.4σ θ , 16-22 °C; Hautala and Roemmich 1998) formation due to the wintertime ML deepening, by using an ocean state estimation product obtained by a 4 dimensional variational data assimilation experiment for the 1990s. This analysis should be revisited for the more recent period using the Argo float data, especially since the salinity observations are needed for the reproduction of the ML properties (Oka and Qiu 2012) . In addition, new ocean synthesis products have continuously been generated by different institutions. Therefore, it is appropriate to revise the MLD estimates using the last generation of ocean synthesis products.
To promote the increased use of ocean syntheses, the Global Synthesis and Observations Panel (GSOP) of the Climate Variability and Predictability (CLIVAR) has recently initiated the Ocean Reanalyses Intercomparison Project (ORA-IP), whose major goal is the inter-evaluation of global ocean syntheses produced in the operational and research centers from various aspects (MLD, heat and salt content, steric height, sea level, surface heat fluxes, depth of the 20° isotherm and sea ice; Balmaseda et al. 2015) . As part of this project work, Toyoda et al. (2015) have investigated the fidelity in MLD of a suit of global ocean estimates consisting of two model-independent estimates, produced by using only observations, and 17 ocean syntheses, produced using data assimilation approaches that combine ocean models and observations based on the maximum likelihood principle ("reanalyses" hereafter). In addition to the discussion on biases in the MLDs of the individual syntheses, they demonstrated that the skillful MLD reproduction for both the seasonal cycle and interannual variability is possible by using the ensemble mean of the reanalyses. They discussed that ocean reanalyses effectively synthesize oceanic and atmospheric (via surface forcing from atmospheric reanalyses) observations and the dynamical models, with their model errors cancelling out through ensemble averaging, suggesting great potential for better analyzing the upper ocean processes.
In this study, we focus on the interannual-decadal variability of the wintertime MLDs in the North Pacific represented in the ensemble mean of the reanalyses. The ensemble mean MLD field along with information on its uncertainty derived from the ensemble spread allows a more quantitative investigation than previous analyses (e.g., Toyoda et al. 2011) . The aforementioned study focused on the validation of MLDs from ocean reanalyses using the Argo float data (e.g., Hosoda et al. 2010) . The current study, however, is not limited to the Argo era, but covers the full temporal record of the reanalyses, which allows analyzing the relationship between the MLD variability in the North Pacific and the interannual-decadal scale climate variability. Section 2 describes the ensemble mean MLD field derived from the reanalyses as well as other datasets used in this study. The North Pacific MLD variability on an interannual-decadal time scale is investigated in Sect. 3. The summary and discussion are given in Sect. 4.
Data
Monthly MLD fields estimated from 2 observation-only analyses and 17 reanalyses (Table 1) are provided by the operational and research centers as an ORA-IP activity.
These syntheses/reanalyses are all different in ocean general circulation model, resolution, surface forcing, ML parameterization, assimilated data and assimilation method (see details in Toyoda et al. 2015) . MLDs are obtained from the monthly mean TS fields on the original grids for the individual datasets and then interpolated onto the common longitude-latitude grids at one-degree intervals.
In the present study, we use a density criterion for the MLD definition (e.g., Levitus 1982) , i.e., MLD is defined as the depth where potential density exceeds the 10-m depth value by 0.125 kg m −3
. Toyoda et al. (2015) revealed that this definition results in an MLD field with less errors relative to definitions using other criteria for potential density (0.03 kg m −3 ) or potential temperature (0.2 and 0.5 °C) in terms of both the seasonal cycle and interannual variability since errors due to monthly averaging of profiles and to weak thermal stratification at high latitudes are relatively small with this definition. Moreover, we use only wintertime maximum MLDs, since we consider that such MLDs are thought to be a most important factor for the thermocline layer dynamics via water mass formation and subduction. Note that the interannual variability in MLD is generally dominated by the interannual variability of the wintertime MLDs (except for the tropics). We pick out a wintertime maximum MLD in each location, year and dataset from January to April (July-October) in the Northern (Southern) Hemisphere. These months are chosen on the basis of the histogram for occurrence of the annual maxima of all the synthesis MLDs (Fig. 1a) . Although months when maximum MLDs occur can differ in each location (Fig. 1b) We calculate the year-to-year wintertime PDO time series by averaging the monthly data from December of the preceding year to February of the target year. We also use the annual PDO time series defined as the average from July of the preceding year to June of the target year (with its center in winter) in order to compare with the above wintertime time series.
Monthly time series of the WP index are obtained from the website of the National Weather Service Climate Prediction Center, National Ocean Atmosphere Administration (http://www.cpc.ncep.noaa.gov/data/teledoc/wp.shtml). Wintertime and annual WP time series are calculated in the same manner as the PDO time series.
In addition, we use the JMA's historical observational data along the 137°E line in the North Pacific in order to evaluate our results. Time series of temperatures in the STMW core in summer at 137°E are obtained from the JMA website (http://www.data.jma.go.jp/gmd/kaiyou/data/ shindan/b_1/stmw/npstmw137e.txt). Observation data of the geochemical parameters (nitrate concentration and apparent oxygen utilization (AOU)) are also obtained from the JMA website (http://www.data.jma.go.jp/gmd/kaiyou/ db/vessel_obs/data-report/html/ship/ship.php) and interpolated onto the 25.2σ θ density surface through the Akima (1970) method after quality control in the MRI. Annual mean values are calculated from the monthly time series averaged over 28°N-32°N.
We use the monthly values for sea level pressure (SLP) and latent and sensible heat fluxes from both the JRA-55 (Kobayashi et al. 2015) and CORE (Large and Yeager 2004) datasets. The COBE-SST (Ishii et al. 2005) dataset is also used.
Result and discussion

Features of the ensemble mean field
In this section, we explore the variability of the wintertime maximum MLDs in the North Pacific, by taking advantage of the ensemble mean of the reanalysis MLDs (ENSMEAN). In doing so, we first investigate the fidelity of ENSMEAN using metrics for evaluating our ensemble approach, which are based on the ensemble spread and the correlation analysis. Figure 2 shows the spatial distributions of the reanalysis ensemble mean and spread of the wintertime maximum MLDs for the 2001-2011 period. Ensemble spread is defined here as the standard deviation of the departure of each reanalysis from the ensemble mean at each grid point and each year (e.g., Xue et al. 2012) , which gives a measure of the uncertainty in the ensemble mean. The ensemble spread distribution for the absolute wintertime maximum MLDs ( Fig. 2b) shows relatively large values in regions of large ensemble mean MLDs ( Fig. 2a) such as in the subarctic North Atlantic. A similar relation can be seen between the ensemble spread ( Fig. 2d ) and the standard deviation of the ensemble mean ( Fig. 2c) for the interannual anomalies (see definition in Sect. 2). In addition, large values for the ensemble spread can be seen in the polar regions, where large estimation errors of MLD were reported to arise primarily from the poor potential of both model and assimilation experiments in representing the physical processes there (e.g., deep convection and sea ice processes; see Toyoda et al. 2015) . In the North Pacific, the ensemble spread values for the absolute MLDs are mostly smaller than 60 m in the Kuroshio Extension region and the Bering and Okhotsk Seas, where the ensemble mean MLDs are larger than 150 m. On the other hand, the ensemble spread values are generally smaller than 20 m in other regions of smaller MLDs. Note that the large values located in the northern part of the Japan Sea are caused by the differences in both the amplitude and location between the reanalyses in associattion with the small-scale deep convections off the Vladivostok (e.g., Senjyu and Sudo 1994) . For the interannual anomalies, the ensemble spread values are even smaller: 30-40 m in the Kuroshio Extension region and less than 10 m in most of the other open seas (Fig. 2d) . These values, in particular for the interannual anomalies, will be compared with the amplitude of the analyzed variability in the following subsections. Note that, since the signal (standard deviation of the ensemble mean anomalies) to noise (spread around the ensemble mean anomalies) ratio is generally near 1 (Fig. 2e) , the signal may not be well resolved.
The ensemble spread provides important information on the uncertainty of the ensemble mean field based on root mean square differences. However, it gives no information about whether ensemble members are exhibiting the same variability, i.e., the sign of the anomaly cannot be properly evaluated by this metric. This is particularly in the present case that the amplitudes of the variations in the individual reanalyses may differ depending on their configurations (e.g., ML models). A better indicator of coordinated behavior would be the correlation between the ensemble members and ensemble mean. In this study, we will use the averaged correlation of all ensemble members with the ensemble mean as a qualitative indicator of a coordinated response among the ensemble members. Figure 3 exhibits the averaged correlation coefficients for the interannual anomalies between ENSMEAN and the individual reanalyses. These values indicate the degree of consistency in representing the interannual anomalies by the individual products. Hence, in addition to the ensemble spread, the above values can be used for assessing the fidelity of the interannual anomaly field of ENSMEAN. In this study, we underline the consistency in the signs of the interannual anomalies. Therefore, we use the ENSMEAN MLDs only in those regions where the averaged correlation coefficients between ENSMEAN and the individual reanalyses exceed the 90 % confidence level (0.521). Although the regions with relatively large ensemble spread values (e.g., in the Bering, Okhotsk and Japan Seas) are mostly eliminated by this procedure, we further direct our attention to the open ocean region of the North Pacific (as indicated by the purple line in Fig. 3 ) in the following analysis, in order to eliminate grid-scale un-eliminated data in the marginal seas (the Okhotsk, Japan and East China Seas).
Before the analysis of the wintertime maximum MLDs of ENSMEAN, we compare those between ENSMEAN and the observation-only analyses (EN3v2a and ARMOR3D). Figure 4 shows the correlation coefficients among the three datasets. The correlations between EN3v2a/ARMOR3D and ENSMEAN are generally greater than the correlation between the observation-only products in most of the open ocean region. The comparison of the zonal mean values implies that this feature is pronounced at low-and mid-latitudes (Fig. 4d) . This is in contrast to the averaged correlation between the observation-only analyses and the individual reanalyses (dashed lines) which is lower than the correlation between the observation-only analyses. These results for the wintertime maximum MLDs are similar to the previous results for the whole monthly MLDs and suggest a skillful reproduction of the interannual anomaly field for the wintertime maximum MLDs thanks to the ensemble averaging approach using the reanalysis estimates.
Variability in the central subtropical North Pacific
We perform an EOF analysis for the interannual anomalies of the wintertime maximum MLDs of ENSMEAN in the open ocean region of the North Pacific (within the region bounded by the purple line in Fig. 3) , and with the consistency of the ensemble members at the 90 % confidence level (correlation coefficients above 0.521-the orange/red regions in Fig. 3 ; thus, the Bering Sea is partly included, but only the small portions that exceed the required consistency level) for the 2001-2011 period. This period is chosen because it is common to most of the reanalyses (Table 1 ) and the Argo data are available for assimilation throughout, although the full deployment of the Argo array was achieved by around 2004. Figure 5 shows the patterns and intensities of the first and second leading EOF modes for the 2001-2011 period ("EOF-1" and "EOF-2" hereafter), which explain 41 and 20 % of the interannual anomalies, respectively. Higher modes exhibit variations on much smaller scales and explain the variance of less than 8 % and will not be discussed any further in this study. Note that, in Fig. 5b, d , projected time series of the EOF patterns are plotted for the other period of the EOF analysis (before 2000 and for 2012; thin red lines).
For estimation of the influence of the selected period on the analysis, we perform another EOF analysis for the same ENSMEAN interannual anomalies in the open ocean region of the North Pacific for the whole 1948-2012 period. The first two EOF spatial patterns (Fig. 5a, c ) and principal components (PCs; "PC-1" and "PC-2" hereafter) (Fig. 5b, d The EOF-1 pattern shows positive values in the western-central North Pacific while negative values in the surrounding region (Fig. 5a ). This pattern is similar to the SST distribution of the PDO: negative (positive) SST anomalies of the PDO index correspond to positive (negative) MLD anomalies of the EOF-1, consistent with previous studies (e.g., Ladd and Thompson 2002) . Figure 6a indicates that the PC-1 (red line) actually correlates quite well with the wintertime PDO time series (blue line), not only during the 2001-2011 period where the correlation coefficient is 0.77, significantly non-zero at the 99 % confidence level, but over the past 53 years where the correlation coefficient is 0.58 representing an even higher confidence level by virtue of the larger temporal sample size. These results indicate that the MLD variability in this region is by and large reproduced by ENSMEAN with a certain quality during the whole data period. Note that the wintertime (December-February) time series are used here since the atmosphere-ocean interaction is strong in this season (e.g., Trenberth and Hurrell 1994) .
In the EOF-1 pattern (Fig. 5a ), large positive values up to 30-40 m can be seen in the central subtropics. This region corresponds to the eastern part of the CMW formation region. The typical amplitude of this variability (Fig. 2c ) averaged over this region (180°-160°W, 32°N-42°N ; purple box in Fig. 5a ) is 30 m, while the ensemble spread of the interannual anomalies for ENSMEAN (Fig. 2d) averaged over this region is 26 m. This suggests that the analyzed variability is generally reliable when the amplitudes of the PC-1 are greater than the ratio of these values (0.87; Fig. 2e ) approximately. Moreover, the averaged correlation for the interannual anomalies between ENSMEAN and the individual reanalyses is significant at a 99 % confidence level in this region (Fig. 3) , i.e., the EOF-1 variability in this region is realized in most of the reanalyses at least in terms of its sign. The ENSMEAN interannual MLD anomaly averaged over this region is very coherent with the PC-1 (Fig. 6a) and also by and large vary with the interannual MLD anomalies for the individual reanalyses as shown in Fig. 6b . These results support the idea that the rather large ensemble spread seen in Fig. 2d is caused by the spread of the amplitude of the variation, rather than on the sign of the MLD anomaly. It is also shown that the ensemble spread does not change much during the whole 1948-2012 period. Therefore, the wintertime MLD variability in this region generally maintains its correlation to the wintertime PDO index during the entire period.
The above results introduce the variability on interannual time scales. Previous studies reported the influence of the PDO on the decadal time scale. In our result, the MLD anomalies of ENSMEAN averaged over the eastern part of the CMW formation region (green line in Fig. 6b ) is −17 m for the period before the regime shift associated with the PDO (1972 PDO ( -1976 , which increases to +18 m for the period after the regime shift (1977) (1978) (1979) (1980) (1981) . This is in broad agreement to previous observational and modeling studies focusing on the differences between the periods before and after the 1976-1977 regime shift (e.g., Yasuda and Hanawa 1997; Ladd and Thompson 2002) . Figure 6c shows the smoothed time series for the PC-1 and the wintertime PDO index via a band-pass filter of 7-54 years based on the Fourier transform, which illustrates the presence of a significant correlation between these time series on the decadal time scale (the correlation coefficient is 0.74 for the 1955-2005 period), although the amplitude of the multi-decadal MLD variability appears smaller than that of the multi-decadal PDO variability. Qu and Chen (2009) investigated the MLD variability in relation to the variability of the annual subduction rate on the decadal time scale in the North Pacific. They demonstrated that the time evolution of the combined (MLD and subduction rate) variability correlates with the PDO index although they also described that their results (especially for the first half of their simulation for 1950-2003) could be influenced by both inaccurate forcing and inappropriate initial conditions of the model. Our results using an ensemble of the reanalyses are in good agreement with these past studies. 
Variability in the eastern subtropical and subarctic regions
The EOF-1 pattern (Fig. 5a ) also shows interannual anomalies in the surrounding region with an opposite sign to those in the western-central North Pacific. Three regions with relatively large interannual anomalies are highlighted in this study: the ESTMW formation region (145°W-135°W, 22°N-30°N; green square in Fig. 5a ), the central Alaskan Gyre (160°W-140°W, 45°N-53°N; orange square in Fig. 5a ) and the Bering Sea (175°E-170°W, 53°N-60°N; red square in Fig. 5a ). The ensemble spread (Fig. 2d ) averaged over each of these regions is 12, 7 and 22 m, respectively. The averaged correlations for the interannual anomalies between ENSMEAN and the individual reanalyses are at a 95 % confidence level in the ESTMW formation region and the central Alaskan Gyre (Fig. 3) . On the other hand, the correlation is low in the Bering Sea and therefore not much data is used for the EOF analysis there (i.e., the data in the green-shaded area in Fig. 3 are eliminated from the EOF analysis). Accordingly, we consider the MLD variability of ENSMEAN in the Bering Sea to be not reliable, although the year of coldest wintertime SST, 1976 SST, (2008 over the 1970-2008 period (after 2005) , as reported in a previous study (Zhang et al. 2010) corresponds to the year of greatest wintertime MLD of ENSMEAN (not shown). Figure 7 compares the PC-1 and the ENSMEAN interannual anomalies of the wintertime maximum MLDs in the ESTMW formation region (Fig. 7a) and the central 1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 Alaskan Gyre (Fig. 7b) . The MLD anomalies (green lines) in both regions generally show negative correlations with the PC-1 (red lines) and thus with the wintertime PDO index (from Fig. 6 ) on both the interannual and decadal time scales. The interannual MLD anomalies in the ESTMW formation region (Fig. 7a) are consistent with the previous study for the ESTMW variability during the 1991-2000 period (Toyoda et al. 2011 ) but using an older version of the K7-ODA (ESTOC) reanalysis used in this study (Table 1 ). In addition, the present results reveal that the ESTMW formation region is located in the periphery of the PDO pattern with positive SST anomalies when the PDO index is positive. This was not resolved in the SST patterns of the PDO as shown in previous studies (e.g., Mantua et al. 1997 ) and thus has not been argued before. Figure 7a exhibits that the negative correlation between the MLD anomalies and PC-1 on both the interannual and decadal time scales generally holds during the entire time record. It is also shown that the ensemble spread does not change much during the whole 1948-2012 period. These facts support that ENSMEAN represents realistic features for both the interannual and decadal variabilities in the ESTMW formation region. In contrast, over the central Alaskan Gyre (Fig. 7b) Freeland and Cummins (2005) demonstrated that the wintertime MLDs were shallower during El Niño events (1983, 1998 and 2003) . Our result is qualitatively consistent with their findings. In addition, positive anomalies in the late 1960s and early 1970s and negative anomalies from the middle of 1970s to the middle of 1980s are evident (Fig. 7b) , similar to the observational reports ( for the 1977-1996 period at several stations along the Line P (between the Station Papa and Vancouver Island) with deepening of the spring ML taking place recently. In our result, the percentage of the April occurrence of the annual maximum MLDs in the Alaskan Gyre increases, although the most frequent month is still March (Fig. 7c) . Such a change in the seasonal cycle of MLD should also be important for the ecosystem and thus fisheries in this region. The physical mechanism remains for future work.
Variability in the STMW formation region
The EOF-2 pattern is characterized by the prominent variability in the Kuroshio recirculation gyre region (Fig. 5c) , where the mean wintertime MLDs are large (Fig. 2a ) associated with the STMW formation. The ensemble spread of the interannual anomalies (Fig. 2d) averaged over this region (140°E-160°E, 28°N-36°N , purple box in Fig. 5c ) is 23 m and the averaged correlation for the interannual anomalies between ENSMEAN and the individual reanalyses is significant at a 95 % confidence level (Fig. 3) . As shown in Fig. 8a , the time series of the ENSMEAN MLD anomalies averaged over this region and PC-2 show coherent evolution on both the interannual and decadal time scales. In addition, the ensemble spread generally maintains similar values over the entire period, although a consistent flattening is observed in the last decade. According to these results, it can be considered that both the interannual and decadal variabilities in this region as reproduced in ENSMEAN are generally robust and well captured by the EOF-2 during the whole 1948-2012 period.
Recent observational studies regarding the STMW and wintertime MLD variations in this region have pointed out the interesting features: For example, shallower MLDs were seen in 1997-1999 from the analysis for 1993-2004 by Qiu and Chen (2005; their Fig. 4 ). Sugimoto and Hanawa (2010) showed that the STMWs were thinner in the late 1990s and thicker in the middle of 2000s from data for 1993-2008. The MLD anomalies in ENSMEAN (Fig. 8a ) are generally consistent with these observational studies.
Comparison between the PC-2 and time series of the summertime core temperatures of the STMW along the 137°E line conducted by the JMA (Fig. 8b) provides another validation for the interannual anomalies. It can be confirmed that, when the PC-2 is significantly negative (e.g., in winter 1998), the STMW temperature is relatively high (e.g., in summer 1999) with the time lag of about 1.5 year, since the EOF-2 is estimated from winter MLDs. The lagged (the EOF-2 leading by 1.5 year) correlation coefficient for the PC-2 and the STMW core temperature for the 1981-2011 period (after removal of the background trend) is −0.46, which is significant at a 99 % confidence level.
The above historical observations by the JMA include the geochemical parameters, which provides a valuable source for the independent validation of our result. Figure 8c compares the PC-2 and time series of nitrate concentration and AOU at the STMW density (25.2σ θ ) between 28°N and 32°N along the 137°E line. These geochemical parameters are relatively large (small) when the PC-2 is negative (positive) with the time lag of a few years. It can be considered that the lower values initiated at the STMW formation in the surface ML are better maintained in the thermocline layer when the influence of the surrounding water is relatively small due to the relatively thick STMW. The consistent relationship between the PC-2 and geochemical parameters seen after the late 1960s supports a robust reproduction of the MLD variability associated with the STMW variability in our result.
Attribution of the variability in the STMW formation region
Previous studies investigated the responses of the STMW (and wintertime MLDs in its formation region) to the Aleutian Low activity with the time lag of a few years. Qiu et al. (2007) indicated that the state of the Kuroshio Extension jet varies in response to the PDO forcing with the time lag of about 4 years. The former strongly influences the STMW thickness (Qiu and Chen 2005) . For example, thicker STMW with greater wintertime MLDs is formed when the Kuroshio Extension jet is stable. On the other hand, Sugimoto and Hanawa (2010) indicated the important role of the WP forcing in determining the main thermocline depth in the Kuroshio recirculation gyre region (with the time lag of about 3 years), which affects the STMW thickness. In this study, we investigate the relationship between the PC-2, which represents the wintertime MLD variability in the STMW formation region, and the PDO/WP time series. While the EOF-1 structure and its intensity are discussed using the wintertime PDO index (as in Ladd and Thompson (2002) for example), seasonal changes of the indices might need to be taken into consideration in terms of the delayed response, although the north-south dipole SLP anomalies of the WP pattern are stronger in winter (Barnston and Livezey 1987) . In fact, the wintertime WP index was underlined to explain the Aleutian Low variability in Sugimoto and Hanawa (2009) , whereas the wind stress curl field regressed to the WP index in respective months was used in Sugimoto and Hanawa (2010) . As for the PDO index, the wintertime and annual time series are equivalent with the correlation coefficient of 0.90 for the 1951-2012 period, which is much higher than that for the WP index (0.42). Hence we use the annual PDO time series and both the annual and wintertime WP time series in this subsection.
The lagged relationship of the above time series is shown in Fig. 9 , in which positive MLD anomalies represented by the positive PC-2 values in 2003 and 2004 (red line) are suggested to be generated by the dynamical response to the Aleutian Low activity around 1998-1999 (positive values of the PDO (Fig. 9a) , annual WP (Fig. 9b ) and wintertime WP (Fig. 9c) indices) , via the westward propagation of baroclinic Rossby waves (e.g., Qiu et al. 2007; Sugimoto and Hanawa 2010) . Figure 10a shows the correlation coefficients among these time series for each time lag. Significant correlation at a 99 % confidence level is only obtained by the simultaneous correlation between the PC-2 and wintertime WP index. We will discuss this relation later. Although the relation that the PDO index leads the PC-2 by 1 or 2 years is visible in 2000s (Fig. 9a) , significant correlation for such a time lag range (e.g., between −5 and −1 year) is not obtained from our long-term analysis (Fig. 10a) . Further, no significant correlation between the PC-2 and annual/wintertime WP index is found for the time range of a few years by which the PC-2 lags or leads the WP index.
The time series as shown in Fig. 9 rather emphasize the year-to-year variations. In general, the dynamical response of the ocean to atmospheric disturbances takes place on longer time scales. Therefore, we examine in the following the relationship between low-pass filtered time series (Fig. 10b-d) . No significant positive correlation for the PC-2 lagging the PDO or annual WP indices is found (Fig. 10b, c, respectively) . In contrast, the PC-2 and wintertime WP index low-pass filtered by windows between 3 and 6 years exhibit significant positive correlation with the time lags between 2 and 4 years (Fig. 10d) . In particular, the correlation coefficient for the 3-year lag and 5-year low-pass filtered is significant at a 99 % confidence level. This time lag is consistent with the result of Sugimoto and Hanawa (2010) . Note that the annual WP plot (Fig. 10c ) also shows positive values in the same range but these are much smaller and not significant. Therefore, the wintertime WP index is plausible to explain the PC-2 with the time lag of 3 years (as the wintertime WP index leads the PC-2) from our analysis. Figure 10d also indicates significant positive correlations with the time lag of 3 years as the PC-2 leads the wintertime WP index. Since a 3-year delayed response of the atmosphere is unlikely, this can be attributed to the oscillatory feature of the wintertime WP index of about 6 years, which is generally visible in Fig. 9c . In between these positive values, significant negative values are visible with zero time lag, as seen in the plot of the raw time series (Fig. 10a) as described above. From this result, we can consider that negative (positive) WP pattern is generated when the PC-2 is positive (negative). Therefore, the wintertime SST anomalies associated with the EOF-2 likely act to force the atmosphere to generate the wintertime WP teleconnection pattern with the opposite sign of the PC-2 (and the previous WP peak about 3 years before). This in turn changes the wind stress field in the central North Pacific, which eventually influences the STMW formation region as the sign of the PC-2 reverses with the time lag of about 3 years. This chain of processes leads to the PC-2 cycle of about 6 years as discussed above (Fig. 10d) . Figure 11 shows the spectrum analysis for the PC-2 and the wintertime WP index. The power spectra based on the maximum entropy method indicate a clear peak at the period of 5-10 years for each of the time series. This is consistent with the aforementioned cycle of about 6 years. However, it is known that the spectrum analysis based on the maximum entropy method sometimes gives a false peak. In order to validate the above spectral peaks, another spectrum analysis based on the fast Fourier transform is also conducted. Note that the distribution from this analysis is generally rather noisy. For both time series, relatively large values are also obtained at the period of 5-10 years when based on the fast Fourier transform. Although the resolution of these analyses might not be enough to determine a 6-year cycle, these analyses at least support the periodicities of both the PC-2 and the wintertime WP index around this period. Figure 12 shows the regressed patterns to the PC-2 of the SLP, SST and surface turbulent heat flux (THF; sum of latent and sensible heat fluxes; positive upward) fields. The regressed SLP pattern (Fig. 12a) is almost the same as the negative wintertime WP pattern (e.g., Fig. 5 of Sugimoto and Hanawa (2009) ), which supports the large negative correlation between the PC-2 and wintertime WP index with zero time lag (Fig. 10d) . Over most of the North Pacific, the SST and THF anomalies have opposite signs (Fig. 12b) . For example, the negative SST anomalies correspond to the positive anomalies of THF release to the atmosphere in the south of Japan. However, in the eastern part of the Kuroshio Extension region (yellow box approximately), there exists a region where the anomalies have the same sign (positive) allowing the SST to increase the THF and force the atmosphere. Note that this result is only slightly dependent on the forcing dataset, differing little when the CORE dataset is used instead of the JRA-55 dataset as in Fig. 12 . Qiu and Chen (2005) indicated that the STMWs are relatively thick (thin) and thus the wintertime MLDs in the STMW formation region are relatively large (small) when the Kuroshio Extension jet is relatively strong and stable (weak and unstable). Several studies confirmed their point (see Oka and Qiu 2012) . Since the PC-2 represents the wintertime MLD variability in this region, the above indication means that the Kuroshio Extension jet is relatively strong and stable (weak and unstable) when the PC-2 is positive (negative). The state of the Kuroshio Extension jet possibly affects the SSTs in the eastern part of the Kuroshio Extension: relatively higher (lower) SSTs can be induced by the strong (weak) advection of the warm water, which leads to the positive (negative) THF anomalies in this region, and thereby works on the atmosphere to generate the negative (positive) WP teleconnection pattern. In fact, the core of the low pressure anomalies are located around 180°, 35°N-40°N corresponding to a large positive SST anomaly region (Fig. 12) . Note that the PDO pattern also exhibits the large SST anomalies in this region although the maxima of both SST and SLP are located to the east. Therefore difference in the SST distribution between the EOF-1 (PDO index) and EOF-2 (wintertime WP index) might be important in forcing the atmosphere. A full description of the process for the 6-year oscillation including the oceanic EOF-2 and atmospheric WP patterns awaits future work.
Conclusion
We have performed an EOF analysis for the wintertime MLD anomalies in the North Pacific derived from an ensemble of 17 global ocean reanalyses. To ensure the validity of the analysis, we use only data in the region where the ensemble members consistently represent the MLD variability, by taking account of the correlation between the individual reanalyses and ensemble mean. The EOF-1 represents the MLD anomalies centered in the eastern part of the CMW formation region in phase opposition with those in the ESTMW formation region and central Alaskan Gyre and its PC highly correlates with the PDO By using the global ocean reanalyses obtained through data assimilation approaches that combine ocean models and observations, an integrated analysis of the important MLD features in the whole North Pacific during the 1948-2012 period is provided in this study. In fact, the MLD variabilities represented by the EOF modes are by and large consistent with previous studies that mainly focused on their particular events or locations (e.g., the regime shift in [1976] [1977] . In addition, the ensemble use of the reanalyses allows more quantitative discussion. The robustness of the variabilities in the key regions for the water mass formation in the North Pacific is generally confirmed by using information on the uncertainty of the ensemble mean, which is measured by the ensemble spread of the reanalyses.
It is obvious that the historical observations are of fundament importance, without which neither evaluation of the analysis nor realistic constraint to the assimilative models is possible. On the other hand, the present study shows the great potential of the ensemble reanalyses for investigating the climate variability. For example, mechanism of the recent deepening of the spring ML in the Alaskan Gyre (Li et al. 2005) as reproduced in the reanalysis ensemble mean can be investigated utilizing variables other than MLD. To carry this out, however, further validation studies for the reanalysis products from various aspects as attempted in the ORA-IP (e.g., see Balmaseda et al. 2015) are required.
To this date, conflicting causes have been suggested for the MLD variability in the STMW formation region. This study provides the answer to the long-standing debate based on the long-term assimilation products, that is, the meridional movement of the Aleutian Low is responsible for the MLD variability in the STMW formation region. Furthermore, an oscillation of about 6 years which includes the WP teleconnection pattern in the atmosphere and the oceanic MLD variability in the STMW formation region is first detected in this study. It is demonstrated that the wintertime SST anomalies in the eastern part of the Kuroshio Extension associated with the EOF-2 force the WP pattern with the opposite sign of the PC-2. This WP pattern induces the change in the surface wind stress field in the central North Pacific, which, via the oceanic dynamical response, eventually reverses the sign of the PC-2 with the time lag of about 3 years, leading to about 6 years for the cycle of this process. The SST anomalies in the eastern part of the Kuroshio Extension are possibly attributed to the variation in the Kuroshio Extension jet, since the latter was pointed out by previous studies to have a close relation to the wintertime MLD variability in the Kuroshio recirculation gyre region and hence the EOF-2. Although a full description of the process remains for future work, identifying the oscillation of about 6 years in this study might be able to give a new insight to understand the North Pacific climate variability, such as in relation to the influence of the El Niño-Southern Oscillation of about 4 years and the PDO of about 10 years.
